Background: This meta-analysis aimed to investigate the effect of antioxidant supplements on the primary and secondary prevention of cancer as reported by randomized controlled trials.
introduction
Previous experimental studies using in vivo animal models and in vitro cancer cell lines have reported that antioxidants such as vitamins, beta-carotene, and selenium may reduce oxidative damage and prevent human diseases, including cancer [1] [2] [3] [4] . Also, the previous 200 epidemiologic studies have indicated that persons with a low intake of fruits and vegetables that are rich in antioxidant substances are more susceptible to cancer [5] .
However, a systematic review of randomized controlled trials published in 2006 reported that the currently available evidence was insufficient to prove whether or not multivitamin supplements were beneficial toward the prevention of cancer and chronic disease [6] . A recently published meta-analysis of 47 low-bias trials involving 180 938 participants revealed that compared with the control group, the antioxidant supplement group exhibited a mortality rate that was significantly higher by at least 5% [7] . A meta-analysis of randomized controlled trials also showed that antioxidant supplements do not exert any significant effects against the development of gastrointestinal cancers and that they increase all-cause mortality [8] . Recently, in a meta-analysis of 12 randomized clinical trials, Bardia et al. [9] reported that antioxidant supplementation did not significantly reduce total cancer incidence or mortality or any site-specific cancer incidence in participants who had neither history of cancer nor precancerous lesions (i.e. primary prevention only). Furthermore, according to the recent report from World Cancer Research Fund/American Institute for Cancer Research (WCRF/AICR) published in 2007, the strongest evidence, corresponding to judgments of 'convincing' or 'probable', showed that high-dose beta-carotene supplements in tobacco smokers are a cause of lung cancer and that selenium probably protects against prostate cancer, while there was limited evidence indicating that vitamin A, vitamin E, and selenium protect against squamous cell carcinoma of the skin, prostate cancer, and either lung cancer or colorectal cancer, respectively [10] . This meta-analysis was conducted to investigate the quantitative preventive effects of the consumption of antioxidant supplements such as vitamins A, C, and E; betacarotene; and selenium on cancer risks determined via randomized controlled trials by type of prevention (primary or secondary), type of antioxidant, and type of cancer. ) by using select common keywords related to antioxidant supplements and cancer risk in randomized controlled trials. We also searched the bibliographies of relevant articles in order to identify additional studies. We selected the following keywords for the literature search: 'retinol', 'betacarotene', 'carotenoids', 'ascorbic acid', 'alpha-tocopherol', 'selenium', 'vitamin', or 'antioxidant'; 'neoplasm', 'cancer', or 'carcinoma'; and 'randomized controlled trials', 'randomized clinical trials', or 'randomized placebo-controlled trials'.
selection criteria
We included randomized controlled trials that reported the preventive effects of antioxidant supplements (beta-carotene; vitamins A, C, and E; and selenium) on cancer risk and compared the results of these trials with those in which placebo or no-intervention groups were used. The main outcome measure was cancer incidence. We excluded studies that were conducted to investigate the treatment effect, not the preventive effect, of antioxidant supplements.
selection of relevant studies
Two evaluators (S-KM and YK), who are two of the authors of this study, independently evaluated all the studies retrieved from the databases. Disagreements between evaluators concerning the selected studies were resolved by discussion or in consultation with a third author (WJ). In the case of insufficient or missing data, we contacted the authors of the articles and retrieved the relevant data. From the studies included in the final analysis, we extracted the following data: study name (along with the name of the first author and the year of publication), journal name, country and type of prevention, duration of supplement treatment and follow-up period (years), population (project name), study design (content of intervention), type of cancer (outcome measure), relative risk (RR) with 95% confidence intervals (CIs), and number of cancer/number of participants in each intervention group.
main analysis
We estimated the overall effect of antioxidant supplements (beta-carotene, vitamin A, vitamin C, vitamin E, and selenium) administered singly or in combination with other antioxidant supplements on prevention of cancer, compared with placebo administration or no intervention in all 22 trials.
subgroup meta-analyses
We evaluated the effects of antioxidant supplements according to the type of prevention, i.e. primary prevention or secondary prevention. Trials involving the healthy populations or patients with specific disease (nonmalignant or premalignant disease such as dysplasia or skin keratosis) were classified as those on primary prevention, and trials involving patients with cancer were classified as those on secondary prevention. Further, the effects of antioxidant supplements were evaluated according to the type of individual antioxidant administered singly and type of cancer.
We also evaluated the methodological quality of the studies, because studies with low methodological quality tend to overestimate the effect of intervention [8, 11] . Studies with adequate quality components [generation of the allocation sequence (computer-generated random numbers or similar methods), allocation concealment (central independent unit, sealed envelopes, or similar), double-blinding (identical placebo tablets or similar), and follow-up (number of and reasons for dropouts and withdrawals described)] were classified as having high methodological quality [7, 8, 11] . Studies with one or more unclear or inadequate (not described like the adequate ones above) quality components were classified as having low methodological quality [7, 8, 11] .
statistical analyses
We estimated the pooled RR with 95% CI on the basis of both the fixedand random-effects models; the Mantel-Haenszel method was used in the fixed-effects model, and the DerSimonian and Laird method was used in the random-effects model. For the study with a 2 · 2 factorial design, we used the values of the control group and the ones which were calculated by summing up the ones of the remaining antioxidant groups. We estimated heterogeneity (between-studies variability) using the Higgins I 2 statistic, which measures the percentage of total variation across studies due to heterogeneity rather than chance. I 2 was calculated as follows:
where Q is Cochran's heterogeneity statistic and df is the degrees of freedom corresponding to it. Cochran's Q statistic was calculated as follows:
where h i is the RR of each ith study, h is the pooled RR of all the studies, and w i is the inverse variance of each ith study as a weight. Negative values of I 2 are set at zero so that I 2 lies between 0% (no observed heterogeneity) and 100% (maximal heterogeneity). An I 2 value >50% was considered to indicate substantial heterogeneity. When substantial heterogeneity was not observed, the pooled estimate calculated based on the fixed-effects model was reported. When substantial heterogeneity was observed, the pooled estimate calculated based on the random-effects model was reported. We estimated publication bias by using Begg's funnel plot and Egger's test. Funnel plots are scatter plots of the log odds ratios (ORs) of individual studies on the x-axis against 1/standard error (SE) (or SEs or sample size; as a measure of precision) of each study on the y-axis. If a publication bias exists, the plot is asymmetrical. Egger's test is a test for linear regression of the normalized effect estimate (log OR/SE) against its precision (1/SE). If the P value is found to be <0.05 by Egger's test, the presence of a publication bias is considered. We used the Stata SE version 10.0 software package (StataCorp, College Station, TX) for statistical analysis.
results

selection of studies
As shown in Figure 1 , 3327 articles were obtained after searching databases and relevant bibliographies. After excluding 533 duplicated articles and 2703 articles that did not satisfy the selection criteria, we reviewed the full texts of 91 articles. Among these, 31 articles on 22 randomized controlled trials (A trial by Yu [14] , shown in Table 1 , was classified into two individual randomized controlled trials because it was conducted for two different subpopulations) were included in the final analysis.
We excluded 60 articles [8, because they lacked sufficient data [43] [44] [45] , described only the study protocol or rationale [46] [47] [48] [49] , had identical populations and study results [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] , included precancerous lesions as outcome measure [65, 66] , contained supplements not relevant to the study subject [49, [67] [68] [69] [70] [71] [72] [73] , or did not include randomized clinical trials [8, [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] . Further, the complete papers were not available for some articles [93, 94] , and some did not fulfill the inclusion criteria [95] [96] [97] [98] [99] [100] .
characteristics of selected studies
The final analysis included 161 045 total subjects, 88 610 in antioxidant supplement groups and 72 435 in placebo or nointervention groups, from 22 randomized controlled trials reported in 31 articles. In the studies in which the age and sex were reported, the mean (median) age was 58.4 years (age range 15-91 years), and 74.7% of the subjects were male. Table 1 shows the general characteristics of the 31 articles included in the analysis. The selected articles were published from 1985 through 2007, spanning 22 years. Besides the countries belonging to the European Union (n = 1), the countries in which the studies were conducted were as follows: United States (n = 13), Finland (n = 7), China (n = 4), Canada (n = 3), UK (n = 1), France (n = 1), Italy (n = 1), and India (n = 1). The mean (median) treatment and follow-up periods were 5.3 and 5.8 years, respectively. The following four trials were reported in 14 articles: the Alpha-Tocopherol Beta-Carotene Prevention Study (n = 8), the Nutritional Prevention of Cancer Trial (n = 2), the Women's Health Study (n = 2), and the Physicians' Health Study (n = 2). Of the 22 trials, 12 were primary prevention trials, nine were secondary prevention trials, and the remaining one [21] was a mixed one (this study was excluded in the subgroup analysis by type of prevention due to a lack of data by type of prevention). The studies included healthy subjects (among the general population, physicians, and nurses); patients with skin, head and neck cancers; adults with underlying coronary disease, occlusive disease, and diabetes; hepatitis B virus surface antigen carriers; persons at high risk for primary liver cancer; smokers; male asbestos-industry workers; and organ transplant recipients.
Among the 22 trials, 20 had a placebo group as the control and two had a no-intervention group as the control [29, 35] . Further, 19 trials used the parallel design, and three used the 2 · 2 design. In all studies, the antioxidant supplements were administered orally, and the dosage regimens used were as follows: vitamin A (15 mg or 10 000, 15 000, 25 000, 200 000, or 300 000 IU; daily or weekly), vitamin C (120, 180, or 250 mg; daily), vitamin E (30, 50, or 600 mg or 60, 400, or 600 IU; daily or on alternate days), beta-carotene (6, 20, 30, 50, or 75 mg; daily or on alternate days), and selenium (50, 100, or 200 lg; daily).
The main outcome measure was the incidence of cancer, and the types of cancer were as follows: esophageal cancer, nonmelanoma skin cancer, primary liver cancer, stomach cancer, lung cancer, locoregionally recurrent and second primary cancer in head and neck cancer patients, prostate cancer, pancreatic cancer, colorectal cancer, urinary tract cancer, head and neck cancer, and upper aerodigestive tract cancer.
effect of antioxidant supplements on prevention of cancer in all 22 trials
Overall, in a fixed-effects model meta-analysis of all 22 trials, administration of antioxidant supplements had no significant influence on the incidence of cancer compared with placebo administration or no intervention (RR 0.99; 95% CI 0.96-1.03) ( Figure 2 ). Heterogeneity was not found across the selected studies (I 2 = 46.6%). There was no evidence of publication bias in the selected studies (Egger's test, P for bias = 0.98; Begg's funnel plot was symmetrical).
subgroup analyses by type of prevention
In the 12 studies on primary prevention trials, administration of antioxidant supplements had no significant effect on cancer prevention (RR 1.00; 95% CI 0.97-1.04; fixed-effects model) (Figure 3 ). Even in the nine studies on secondary prevention trials, no significant effect was observed (RR 0.97; 95% CI 0.83-1.13; random-effects model) (Figure 3) .
subgroup analyses by type of antioxidant administered singly
None of the antioxidant supplements had any significant influence on cancer prevention: beta-carotene (RR 1.01; 95% CI 0.96-1.07; n = 5; fixed-effects model), vitamin A (RR 0.98; 95% CI 0.90-1.08; n = 4; fixed-effects model), vitamin E (RR Figure 2 . Effect of antioxidant supplements versus placebo or no intervention on cancer incidence in randomized controlled trials (n = 22). A trial of Yu [14] was classified into two individual randomized controlled trials because it was conducted for the two different subpopulations. subgroup analyses by type of cancer Table 2 shows the results of the subgroup analyses by type of cancer. Antioxidant supplements had no preventive effect on the following 11 of the 13 types of cancers included in this analysis: skin cancer, colorectal cancer, head and neck cancer, lung cancer, prostate cancer, esophageal cancer, breast cancer, stomach cancer, lymphoma and leukemia, renal cancer, and brain tumor. However, the use of antioxidant supplements significantly increased the risk of bladder cancer (RR 1.52; 95% CI 1.06-2.17; n = 4; fixed-effects model).
subgroup analyses by methodological quality
After referring to previously published reports [7, 8] , 12 studies [13, 15, 19, 21, 27, 32, 33, [36] [37] [38] [39] [40] of the 22 were classified as having a high methodological quality. The remaining 10 studies had one or more inadequate components. No significant preventive effects of the antioxidant supplements were found in studies of either high (RR 1.00; 95% CI 0.96-1.03; fixed-effects model) or low (RR 0.92; 95% CI 0.70-1.20; random-effects model) methodological quality.
Meanwhile, when we assessed the methodological quality of the studies on the basis of what is stated in those articles without getting additional information on the study method by direct contact with those authors, only three studies [13, 37, 39] were classified as having a high methodological quality.
Likewise, no significant effects were found in studies of either high (OR 0.99; 95% CI 0.92-1.07; n = 3; fixed-effects model) or low (OR 0.99; 95% CI 0.93-1.06; n = 19; random-effects model) methodological quality. 
Annals of Oncology original article discussion
In our meta-analysis of randomized controlled trials published over >20 years, we found that there was no overall association between the consumption of antioxidant supplements and cancer risk. Further, subgroup analyses according to the type of prevention, type of antioxidant, and methodological quality of the studies also showed no preventive effect of antioxidant supplements on cancer. Our findings were consistent with those of previously published meta-analyses that evaluated the effect of antioxidant supplements on the prevention of lung cancer [101] and gastrointestinal cancers [8] and on the prevention of cancers and chronic diseases [6] in randomized controlled trials. However, our findings were inconsistent with those of previous experimental studies and previous epidemiological studies regarding the association between the intake of fruits and vegetables rich in antioxidant substances or the dietary intake of antioxidant substances and the risk of cancer [1] [2] [3] [4] [5] .
This implies that there is a discrepancy in findings between experimental studies on animal or cancer cell lines and clinical trials for human studies with regard to the association between antioxidant substances (antioxidant supplements or fruits and vegetables rich in antioxidant substances) and the risk of cancer. The findings of experimental studies on the effects or actions of antioxidant substances should not be directly applied to humans because these substances might promote toxic effects or enhance carcinogenesis under clinical circumstances. For example, even though experimental studies showed that beta-carotene is anticarcinogenic and might play a potential protective role against cancer initiation [102] , it may act as a prooxidant in the presence of chronic oxidative stress such as that resulting from smoking; this may induce the oxidation of beta-carotene and DNA oxidative damage and eventually lead to lung cancer [103, 104] .
Such discrepancy is also observed between the results of observational epidemiologic studies and randomized controlled trials. Retrospective case-control studies, which investigate the relationship between diet and the risk of cancer, are susceptible to two potential biases, i.e. recall and selection: cancer patients might recall their diet differently from healthy controls, and healthy controls tend to report a healthy diet [105, 106] . Although cohort studies are less biased than case-control studies and indicate a relationship between antioxidant supplements and the risk of cancer, they are unable to confirm the causality [5] . The causality can be confirmed by repetitive, larger intervention trials (i.e. randomized controlled trials). Further, it should be noted that the consumption of antioxidant supplements in the randomized controlled trials differs from the intake of fruits and vegetables or the dietary intake of antioxidants in epidemiological studies in that the combination of several antioxidants and other micronutrients in foods or vegetables could cause unexpected consequences, and the assessment of the dietary intake for antioxidant substances could suffer from a lack of precision due to information bias or lack of validity of the questionnaire [5] .
In our study, we report that the use of antioxidant supplements increased the risk of bladder cancer. We are unable to confirm this relationship because the number of trials published is not sufficient to form a conclusion. In particular, further primary prevention trials are required to study the effect of antioxidant supplements on bladder cancer because three of the four studies on cancer included in this analysis were secondary prevention trials.
Our study indicated that antioxidant supplements had no effects on either primary or secondary prevention of cancer, i.e. there was no specific difference in the effects of antioxidants between them.
We are unable to evaluate the effect of vitamin C on the risk of cancer because there was no published study on vitamin C administered alone, although there were three studies [15, 32, 40] on vitamin C administered in combination with other antioxidants.
With regard to the assessment of the methodological quality of the studies, there was a remarkable discrepancy between our classification of the studies as having high or low methodological quality and that in other published reports [7, 8] . For example, the other published reports classified nine studies as studies with high methodological quality, while we classified these studies as having low methodological quality because they did not adequately report the generation of the allocation sequence (computer-generated random numbers or similar methods) and merely stated that the sequences were 'randomly assigned' or that 'randomization was carried out.' The authors of previously published meta-analyses stated that they obtained additional information on the actual design, including the randomization methods, from the authors of the individual study included in their analyses. We insist that the methodological quality of studies should be assessed on the basis of what is stated in those articles without getting additional information on the study method by direct contact with those authors.
There are several possible limitations of our study. First, as described earlier, we are unable to clearly explain why, unlike the findings of experimental and epidemiologic studies, our study revealed that antioxidant supplements had no preventive effect on cancer. However, our findings at least imply that those of the experimental and epidemiologic studies should be interpreted cautiously and evaluated clinically.
Secondly, our study included only synthetic antioxidants. Therefore, our findings are not applicable to the effects of fruits and vegetables. In addition, this might be a possible explanation for the discrepancy in the findings between randomized trials using synthetic antioxidants and epidemiologic studies such as case-control or cohort studies using fruits and vegetables. In other words, we think that there might be a difference between the biological activities of a synthetic antioxidant and those of an individual constituent in fruits or vegetables or whole fruits or vegetables. Even though the protective role of the individual constituent against the development of cancer was not identified in the randomized clinical trials, it is possible that the interactions and complex biological mechanisms of multiple constituents of fruits and vegetables, including antioxidants and various phytochemicals, result in the preventive effects on cancer.
In summary, we found no overall preventive effect of antioxidant supplements on cancer in our meta-analysis of randomized controlled trials published over the past 20 years.
original article Annals of Oncology
Our findings are consistent with the other published metaanalyses and systematic reviews [6] [7] [8] [9] [10] . There is no clinical evidence to support the use of antioxidant supplements for primary and secondary prevention of cancer. Furthermore, even though the current study did not investigate the association between each type of antioxidant supplement and each type of cancer, the recent report from WCRF/AICR indicated that the evidence that beta-carotene supplements cause lung cancer in current smokers is convincing; that is, the use of some antioxidant supplements might be harmful. Considering that many people consume antioxidant supplements in order to improve their health and prevent cancer, we think that these findings may play a certain role in modifying these health behaviors. The potential effects (either beneficial or detrimental) of antioxidant supplements on human health, particularly in relation to cancer risk, should not be overemphasized. Our findings and explanations should be explored in future research.
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